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Abstract: Contamination by heavy metals is the global concern now-a-days. But the management of these 

heavy metals problems by stabilization/solidification is the most effective technique for controlling metal 

pollution in the soil. However, this research studies the immobilization efficiency of various phosphates-based 

binders (Na₃PO₄, Na₂HPO₄, NaH₂PO₄), which also includes Ordinary Portland Cement (OPC), MgO, and CaO 

for stabilizing multi-metal contaminated soils. Moreover, the current study focused on the leachability of heavy 

metals (Cu, Ni, Zn, Pb, Cd, Mn) over different time periods and with different concentrations. Therefore, batch 

leaching tests experiment were conducted to determine the leaching ratio and percentage of various metal 

concentrations along with measuring the pH values of the leachates. Our study results indicate that OPC 

validates because of its superior immobilization across all metals present in the soil, but more specifically the 

metals with high concentrations and also owing to the formation of stable hydroxides and high pH which 

assists in abating metal solubility. Additionally, phosphate-based binders, though are environmentally 

favorable, but disclosed less effectiveness, particularly for Pb and Cu, whereas, leaching beats non-hazardous 

waste limits. Conversely, MgO also offer a reasonable immobilization but was less effective as compared to 

OPC, while on the other hand, CaO exhibited and found to be an increased leaching over time. Therefore, this 

research highlights OPC's as a more suitable for soil remediation wherever structural and contamination 

control is essential. Despite the fact, phosphate-based binders are found to be more appropriate for eco-

friendly, non-load-bearing applications. 

Keywords: stabilization/solidification; multi-metal contamination; phosphate-binders; leachates 

 

Introduction 

Soil contamination and serious environmental issues caused by multiple kinds of heavy metals 

are a serious concern globally. Now-a-days every country is caught by environmental issues either 

its developed or not. Many industrial and other anthropogenic actions for instance mining, smelting, 

manufacturing of various new products, and combined with improper throwing away of hazardous 

toxic wastes and effluents [1], have directed the extensive distribution of toxic metals such as copper 

(Cu), lead (Pb), Manganese (Mn), zinc (Zn), and cadmium (Cd) in soils [2]. However, the lethal impact 

caused by them proposed a serious risk to ecosystems and human health because they have ability 

to survive in the environment, have nature of continuity, potential bioaccumulation, and toxicity 

issues [3]. Therefore, many remediation strategies are developed to control this pollution on 

commercial scale. 

Traditional remediation methods are one of the methods includes excavation/digging and off-

site disposal of the wastes can be overpriced and impractical for large-scale commercial applications 

of this remediation [4]. Consequently, a remediation method named as “in-situ stabilization and 
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solidification (S/S) techniques” also known as: green technique” that can transform the noxious and 

most hazardous waste in to a thermodynamically stable material [5] as it is found to be effective, 

economical, and most significantly is environmentally friendly solution for not only immobilizing 

contaminants but also reducing their bioavailability in contaminated soils [6]. 

Nevertheless, while directing towards stabilization/solidification, are described as remediation 

technology that involves the amalgamation of chemical binders into contaminated soil in order to 

reduce the agility of pollutants by physical encapsulation method (solidification) or by chemical 

transformation (stabilization) [4]. Moreover, except of mitigating the pollutants by immobilization 

this technique also improves the soil structural composition. Recent literature and innovations also 

focus more on the creation of novel binders, enough capable of efficiently stabilize numerous metals 

and their various forms, ensuring its long-term durability, and enhances its mechanical strength 

under different environmental conditions. Several studies investigated the number of varieties of 

binders that are known for their effectiveness and efficient capability in stabilizing multi-metal 

contaminated soils [7]. But the most globally known binder named as Ordinary Portland cement 

(OPC) has been proven due to its effectiveness in immobilizing heavy metals [8] by hydration 

reaction mechanism that form stable compounds [9]. Though, the substitute binders have been 

prompted while considering about its environmental impact in particular with significantly high 

carbon dioxide emission during the production and potential leaching of various metals over time 

has driven the investigations of alternative binders.  

Besides, magnesium oxide (MgO) and calcium oxide (CaO) also are most investigated binders 

for their potential to promote soil stabilization [10] because of having propensity to create insoluble 

metal hydroxides when they react with pollutants and soil moisture. In addition, these binders offer 

certain benefits as their effectiveness may be restricted by multiple factors like maintaining pH, and 

the establishment of the most inclusive reactions products that can compromise the soil veracity [11]. 

Therefore, keeping in view these subjects, phosphate-based binders are emerged as the most 

promising substitute for the reason that they have the ability to make stable, less soluble metal-

phosphate compounds [12]. The most commonly investigated phosphate bounded compounds 

includes sodium phosphates (Na₃PO₄), monosodium phosphate (NaH₂PO₄), and disodium 

phosphate (Na₂HPO₄). But, the main reason for the addition of phosphate binders to contaminated 

soils is to encourage the development of metal-phosphate precipitates, which significantly lessens 

metals like (Pb, Zn, Mn and Cd) mobility and leachability [13] by creating stable compounds such as 

pyromorphite (Pb₅(PO₄)₃Cl), which are resistant to dissolution under acidic environments. 

Previous studies have showed that the phosphate-based binders’ have adequate strength and 

potential for immobilizing metals. Even this research gaps with their commercial implication were 

kept away from the attention of the researchers. Countless studies focused on the stabilization of 

individual metals or on a particular metal group, but the phosphate binders with their efficient 

potentials was kept less explored in field of scientific research. Nonetheless, these binders have 

substantial long-term effect on a range of various environmental zones including variations in pH, 

fluctuation among microbial fraternity, and moisture contents [14]. Additionally, a very limited 

knowledge related to efficiency of multiple phosphate compounds in stabilizing multi metals systems 

as compared to other compounds as well as their impact on soil pH, potentially toxic secondary 

pollution and other mechanical properties. 

Furthermore, this study mainly focuses on addressing 1) the influence of different phosphate-

based binders (Na₃PO₄, Na₂HPO₄, NaH₂PO₄) on the leachate pH and UCS of multi-metal 

contaminated soils, 2) To assess the efficiency of phosphate-based binders in immobilizing heavy 

metals by evaluating the stabilization/solidification activities such as Pb, Cd, Zn, and Cu in 

comparison to traditional binders like OPC, MgO, and CaO, and 3) To study the long-term stability 

and leachability mechanism of metals from treated soils under various environmental conditions. 

Thenceforth, the study additionally investigates the interaction between binders’ types and 

metals contaminants to elucidates the chemical and physical processes for stabilization and leaching. 

Through this research, we aim to contribute to the development of effective, sustainable, and 
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economically viable strategies for managing heavy metal contamination in soils, thereby protecting 

human health and the environment. 

Materials and Methods 

Materials Collection 

Kaolin and sand were used to represent sandy soil. The artificial multi-metal soil contamination 

was made with Zinc Nitrate hexahydrate Zn (NO3)2·6H2O, manganese (II) nitrate hexahydrate Mn 

(NO3)2·6H2O, cadmium nitrate tetrahydrate Cd (NO3)2·4H2O, nickel (II) nitrate hexahydrate Ni 

(NO3)2·6H2O, copper (II) nitrate trihydrate Cu (NO3)2·3H2O and lead (II) and lead (II) nitrate Pb (NO3)2 

with the concentration of 1000 mg/kg or 2000 mg/kg for each metal, nickel (II) nitrate hexahydrate 

(Ni(NO3)2.6H2O, copper(II) nitrate trihydrate Cu(NO3)2·3H2O and lead(II) nitrate (Pb(NO3)2 with the 

concentration of 1000 mg/kg or 2000 mg/kg for each metal contamination and distilled water was 

used to make solutions.  

Moreover, three phosphate salts (Na3PO4, Na2HPO4 and NaH2PO4) were used as binders and 

their S/S performance for the various metal contaminated soil was also compared with an Ordinary 

Portland Cement (OPC) commonly known as conventional binder and two alkali additives (MgO 

and CaO) were also added. On the other hand, the source of OPC (CEM I 52.5 R) was Buildmate Pte 

Ltd. located in Singapore. Meishen Chemical Co. Ltd., Xingtai, China, sold MgO containing 46-second 

reactivity [15]. Furthermore, for more analysis we also bought CaO (puriss grade) from Sigma-

Aldrich Pte Ltd. in Singapore. The physicochemical properties of kaolin and OPC were followed by 

[16]. Sand to kaolin ratio was established at 9:1. Before the artificial dry soil was put into split PVC 

molds (100 mm in height and 50 mm in diameter), it was thoroughly mixed with 5% additives and 

7.5% water. After that, the specimens were sealed in plastic bags and allowed to cure for seven and 

eighteen days at 25°C and 95% humidity in a storage chamber. 

Experimental Methodology 

After curing, the samples were demolded and their mechanical strength was measured using 

the Unconfined Compressive Strength (UCS) test conducted with two instruments (ELE digital tritest 

and Wykeham Farrance WF10026 TRITECH10 with maximum capacity of 20 kN and 10 kN, 

respectively) at a constant rate of 1.0 mm/min in triplicate considering quality assurance. After that 

the batch leaching tests were conducted according to  [17].  For further specific analysis of this 

crushed freeze-dried sample, having particle size less than 4mm were mixed with 900 mL distilled 

water in a 2 L polypropylene plastic bottle. Later, the mixture's pH was determined after being 

circulated for 24 hours at a speed of 8 revolutions per minute on VELP Scientifica Overhead Mixer 

Rotax 6.8) by using pH instrument named (Mettler Toledo Sevencompact S220). The mixture was 

then filtered using a 0.45 μm membrane syringe filter and then determined the total metal 

concentration using PerkinElmer Optima 8300 Inductively Coupled Plasma-Optical Emission 

Spectrometry (ICP-OES) or PerkinElmer Elan DRC-e Inductively Coupled Plasma-Mass 

Spectrometry (ICP-MS) instruments. 

Subsequently, it’s been important to highlight that the threshold for metal concentration 

characterization using ICP-MS is 1 part per billion (ppb) and for ICP-OES the value ranges upto 0.1 

mm. Experimental procedures were performed in triplicate, and blank experiments were undertaken 

under the same conditions as described in our previous study [18]. In addition, the residual crushed 

samples were desiccated using a freezing-vacuum drier and then pulverized to achieve a particle size 

below 0.075 mm for study of their microstructure, including X-ray diffraction (XRD), Fourier 

Transform Infrared Spectroscopy (FTIR), and thermogravimetric analysis (TGA). The X-ray 

diffraction (XRD) was conducted using the Bruker D8 X-ray diffractometer equipped with a Cu Kα 

source operating at 40 kV and 40 mA. The TGA experiment was performed with the PerkinElmer 

TGA 4000 instrument, heating the sample from 30 to 900°C at a rate of 10°/min in a N2 atmosphere. 
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Results and Discussion 

Unconfined Compressive Strength (UCS) 

The unconfined compressive strength (UCS) values of multi-metal polluted soil treated with 

different phosphate-based binders and additives, including Ordinary Portland Cement (OPC), 

magnesium oxide (MgO), and calcium oxide (CaO), are depicted in (Figure 1). The values of UCS are 

expressed in kilopascals (kPa). The treatments are evaluated at two distinct concentrations (1000 parts 

per million and 2000 parts per million) and two different curing durations (7 days and 28 days).  
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Figure 1. UCS values of multi-metal contaminated soil treated with phosphate-based binders 

compared with OPC, MgO and CaO. 

The present study results and key observations of binders in comparison 

between monosodium phosphate, disodium phosphate, and trisodium phosphate, 

are explained as; monosodium phosphate (NaH₂PO₄) has the lowest Unbound Colloidal Solids 

(UCS) values among the polyphosphate-based binders. This value exhibits an uncertain rise with 

concentration and curing time, although they are notably lower than those seen for Na₃PO₄ and 

Na₃HPO₄. While, on the other hand, disodium phosphates Na₂HPO₄) displays lower water content 

saturation (UCS) values in comparison to Na₃PO₄. A clear correlation exists between higher 

concentration and longer curing time and an increase in UCS, albeit the values remain somewhat 

modest. Besides, the compound Trisodium Phosphate (Na₃PO₄) has intermediate Unconfined 

Compressive Strength (UCS) values, with greater strength recorded at 2000 ppm compared to 1000 

ppm for curing periods of 7 and 28 days. Strength rises proportionally with extended cure duration.  

Additionally, in comparison with OPC, MgO, and CaO our results depicted that 

ordinary Portland Cement (OPC) exhibits the highest Unconfined Compressive Strength (UCS) 

values as compared to all other binders that were examined. These values show a notable rise at 2000 

ppm after 28 days of curing, reaching about 500 kPa. These findings suggest that Ordinary Portland 

Cement (OPC) is very efficient in enhancing the structural integrity of the polluted soil. Moreover, 

magnesium Oxide (MgO) has moderate Unconfined Compressive Strength (UCS) values, surpassing 

those of Na₂HPO₄ and NaH₂PO₄ but falling short of Na₃PO₄ and OPC [19]. However, its strength rises 

proportionally with both increased concentration and extended cure duration. Calcium Oxide (CaO) 

also exhibits moderate Unconfined Compressive Strength (UCS) values, as compared to MgO, 

whereby its strength gradually increases with time and higher concentrations. While the unconfined 

compressive strength (UCS) values of CaO are often lower than those obtained with OPC [20]. 

Though, while discussing about the effect of concentration of UCS for all the binders rise when 

the concentration becomes double from 1000-2000 ppm. This trend suggests that binder’s 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 November 2024 doi:10.20944/preprints202411.0408.v1

https://doi.org/10.20944/preprints202411.0408.v1


 5 

 

concentration and soil strengthen capacity are directly proportional to each other, when the binder’s 

concentration increases it also increases soil strength [20]. On the other hand, for all phosphates-based 

binders the value of UCS is greater at 28 days as compared to 7 days. This comparison significantly 

expresses the extended curing duration enables and increases the interactions of chemical reactions 

which consequences greater soil strength. 

Henceforth, the logical reasoning behind the effectiveness of binders, phosphate-based binders, 

MgO and CaO oxides performances and their implications are of great importance for stabilizing 

contaminated soil.  Besides, when compared to alternative binders, OPC greatly improves the UCS 

of soil that is polluted with several metals. Whereas, soil contamination can be efficiently stabilized 

by OPC due to its hydraulic properties and pozzolanic reactions. Following the findings of the current 

study it seems that, OPC is the best binder for making soil stronger and more robust, especially in 

cases when pollution is substantially higher. Following 28 days at a concentration of 2000 ppm, OPC 

exhibits the highest unconfined compressive strength (UCS) values, approaching 500 kPa. While, on 

the other hand, the pozzolanic and hydraulic properties of OPC are well-known and are responsible 

for its exceptional performance [21]. Important binding strength is provided by calcium hydroxide 

and calcium silicate hydrates (C-S-H) that are formed when OPC is hydrated.  Therefore, according 

to the high UCS values, OPC has the ability to encapsulate metal pollutants, which could make them 

less mobile and less likely to leach. Because of this, OPC is an excellent binder for contaminated site 

cleanup and other similar applications that call for soil stabilization and pollutant immobilization 

[22].  

Additionally, in compared to Na₂HPO₄ and NaH₂PO₄, Na₃PO₄ is the most effective phosphate-

based binder containing the ability to raise UCS, Na₃PO₄ may also proposed stabilization in the form 

of more stable complexes or precipitates formed by chemical interactions with metal impurities. Since 

phosphate-based binders aren't as powerful as OPC, therefore they possibly might not be enough to 

drastically increase strength on their own, but they could be useful in immobilizing some 

contaminants because of their capacity to react with water and produce binding phases, certain 

oxides (such as Mg(OH)₂ and Ca(OH)₂)  [23]. Although phosphate-based binders and MgO/CaO can 

enhance the UCS of polluted soil, whereas the results confirms that OPC is the superior choice, 

particularly for uses that demand strong soil. The selection of a binder for soil stabilization should, 

however, take environmental factors like leachability and OPC's effect on the environment into 

account. 

With moderate UCS values, we find MgO and CaO. These binders work as binding agents 

because, when combined with water, they generate Mg(OH)₂ and Ca(OH)₂. This is why they boost 

strength by filling voids and cementing soil particles together. These hydroxides also increase the 

pH, promoting the precipitation of metal hydroxides, which aids in contaminant stabilization. [24]. 

Due to its sluggish hydration process, MgO is renowned for its ability to cause a modest but steady 

increase in strength. In contrast, calcium oxide has a faster reaction time to produce calcium 

hydroxide, which helps boost initial strength [25]. Although their UCS effectiveness is lower than 

that of OPC, they can nevertheless contribute to soil stabilization, particularly when mixed with other 

binders. More binders may accelerate chemical reactions, making soil matrices denser and stronger 

[26]. However, increasing binder concentration may raise treatment costs and environmental 

impacts, such as OPC carbon emissions. 

 Similarly, the strength of soil samples increases significantly with extended curing time, from 

7 days to 28 days. This is expected as curing time allows for more complete hydration and pozzolanic 

reactions, which are critical for the development of strength in cementitious materials. Longer curing 

periods facilitate the formation of more stable and crystalline structures, enhancing the UCS. For 

OPC, extended curing allows for more C-S-H to form, while for phosphate-based binders, longer 

curing may allow more complete complexation reactions. This observation underscores the 

importance of allowing adequate time for chemical stabilization processes to occur in remediation 

projects. 
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Leachability 

Leachability is the very important and key factor referring to the potential contaminates to be 

released in to the environment when visible to other solvents. Typically, high pH defines the 

reduction in leaching when used with other phosphates binders. Leachate pH values of multi-metal-

contaminated soil treated with phosphate-based binders (Na₃PO₄, Na₂HPO₄, NaH₂PO₄) and other 

common binders (OPC, MgO, CaO) at 1000 and 2000 ppm concentrations and 7 and 28 days curing 

times are shown in the (Figure 2).  
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Figure 2. Leachate pH values of multi-metal contaminated soil treated with phosphate-based binders 

compared with OPC, MgO and CaO. 

However, the graph shows that both Na₃PO₄ and Na₂HPO₄ both exhibits a high pH value 

approximately above10, which strongly shows the alkalinity but the pH becomes high at 28 days 2000 

ppm concentration. Similarly, NaH₂PO₄ demonstrate significantly lower pH ranges from 4-5 

signifying its acidic conditions. Besides, OPC, MgO, and CaO binders upholds high pH values above 

9 which reflects its alkaline nature in compared to OPC and CaO which represents the highest pH 

stability. The reason behind high pH levels for Na₃PO₄ and Na₂HPO₄ suggested their effectiveness 

and efficiency in immobilizing metals via precipitation method under alkaline conditions which 

further enhances the stabilization of multi-metal contaminants. However, the acidic nature of 

NaH₂PO₄ may specified the limited metal immobilization potential as compared to other binders. 

Besides, OPC, MgO, and CaO additionally maintains strong alkalinity [27], typical for these binders, 

which supports their known capability in metal stabilization by raising pH. 

Furthermore, the leached lead (Pb) concentrations from multi-metal-contaminated soil treated 

with several binders (Na₃PO₄, Na₂HPO₄, NaH₂PO₄, OPC, MgO, and CaO) at 1000 and 2000 ppm 

concentrations and 7 and 28 days curing durations are shown in the (Figure 3). The comparison 

includes non-hazardous and inert waste regulatory limits. Though, the graph explains that Na₃PO₄ 

somewhat reduced the leached Pb concentration drops with the passage of time within the range of 

1000-2000 ppm while making in comparison between (Na₂HPO₄ + NaH₂PO₄) and OPC and MgO the 

strength of reduction of Pb concentration is significantly higher below the waste limit rather than 

OPC and MgO which further reduces Pb concentration moderately below the hazardous limits [28]. 

Logical reason behind NaH₂PO₄ highest Pb immobilization potential, is due to its acidic nature 

promoting metal bonding or stable complexes[29] which effectively reduced by Na₃PO₄ and 

Na₂HPO₄, though Pb remains above the inert waste limit. Besides, OPC and MgO temperately 

stabilizes owing to their pH-buffering abilities. While CaO's high leachability indicates poor Pb 

stabilization, which further limits Pb immobilization under these conditions. 
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Figure 3. Leached Pb concentration of multi-metal contaminated soil treated with phosphate-based 

binders compared with OPC, MgO and CaO. 

Additionally, the graph as shown in (Figure 4) represents the leached copper concentration from 

various compounds like Na₃PO₄, Na₂HPO₄, NaH₂PO₄, OPC, MgO, and CaO at 1000-2000 ppm 

concentration for 7 and 28 days. Results revealed that among different sodium phosphate compounds 

Na₃PO₄ and Na₂HPO₄ confirms the high Cu leaching when it surpasses the limit for non-hazardous 

waste range from 100mg/kg. It’s due to the phosphate compound which make many insoluble metal-

phosphate complexes which assists in stabilization [30,31]. According to our study results the 

mechanism of phosphorous is due to generation of less stable and soluble copper phosphates 

complexes which varies due to the significant variations in degree of dissociation in water and reduce 

its ability to bind with copper ions [32]. Likewise, MgO and CaO also demonstrates the high leaching 

over time and concentration. Whereas, MgO shows a moderate effect on Cu leaching mostly below 

hazardous limit [22]. While, Cao approaches slightly exceeds the limit for 2000 ppm at 28 days. It’s 

because they have the ability to increase the pH which leads to precipitation of copper hydroxide 

layers having the capability to bind metals like copper on its surface. 
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Figure 4. Leached Cu concentration of multi-metal contaminated soil treated with phosphate-based 

binders compared with OPC, MgO and CaO. 
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Similarly for nickel the leaching trend is relatively higher at 2000 ppm after 28 days showing 

highest leaching as described in (Figure 5). OPC on the other hand represents decline trend of 

leaching at 2000 ppm after 28 days. But, MgO and CaO exhibits significantly moderate trend and 

surpasses the inert waste limit after 28 days. Th reason behind phosphate compounds results shows 

the same reason for cadmium with making highly insoluble complexes which leads to significant 

leaching [33]. Similar behavior trend was observed for OPC which lower down the Ni concentration 

due to cementitious matrix creates a physical barrier around Ni ions. Furthermore, OPC’s has high 

pH which is less soluble and immobilize Ni. Additionally, MgO and CaO shows relative moderate 

Ni leaching due to its ability to make alkaline environment which aids Ni hydroxide precipitation 

and diminishes slightly at 28 days. It’s may be due to carbonation which reduces the pH and 

destabilizes Ni compounds making them more soluble [34].  

0.001

0.01

0.1

1

10

100

1000

10000

Na3PO4  Na2HPO4 NaH2PO4    OPC        MgO         CaO

Limit for inert waste

Limit for non-hazardous waste

L
e
a
c
h
e
d
 N

i 
c
o
n
c
e
n
tr

a
ti
o
n
 (

m
g
/k

g
)

 1000 ppm Ni, 7 d

 1000 ppm Ni, 28 d

 2000 ppm Ni, 7 d

 2000 ppm Ni, 28 d

 

Figure 5. Leached Ni concentration of multi-metal contaminated soil treated with phosphate-based 

binders compared with OPC, MgO and CaO. 

Onwards to Zinc leaching, results of the present study explain that Na₃PO₄ and NaH₂PO₄ 

particularly high leaching at 2000 ppm after 28 days as shown in (Figure 6). While Na₂HPO₄ shows 

lower zinc leaching as compared to other phosphates compounds which still exceeds the inert waste 

limit of 2mg/kg at both concentrations. Besides, OPC also shows lower leaching level after 28 days 

which indicates strong immobilization. But, MgO and CaO exhibits relatively higher leaching value 

at 28 days. Reason behind phosphoric compounds leaching it’s not effectively immobilized Zn. It 

occurs maybe due to its intermediate dissociation. Moreover, leaching by MgO and CaO creates 

alkaline environment for immobilizing metals (Wang et al., 2020).  
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Figure 6. Leached Zn concentration of multi-metal contaminated soil treated with phosphate-based 

binders compared with OPC, MgO and CaO. 

As well, the results of cadmium high leaching have been observed among all three phosphates 

compounds, along with slightly better performance from Na₂HPO₄ which exceeds the inert waste 

limit up to 2mg/kg as illustrated in (Figure 7). OPC on the other hand gives very superb performance 

with cadmium leaching below the inert waste limit transversely all conditions. Likewise, MgO and 

CaO shows high cadmium leaching specifically at 2000 ppm after 28 days. Logical reasoning behind 

Na₂HPO₄ best performance is due to insoluble cadmium phosphate complexes for its immobilization. 

High leaching in cadmium is due to the unstable complexes or might be the soluble at present 

conditions. However, the variations among three phosphates groups are due to the fluctuation in pH 

and long exposure which shows strong immobilization for cadmium. MgO and CaO also relies on 

increasing the pH to immobilize cadmium through hydroxide precipitation [36]. The reason behind 

it might be due to reduction in pH with the passage of time which further leads to cadmium 

hydroxides and increases cadmium stability [37]. 
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Figure 7. Leached Cd concentration of multi-metal contaminated soil treated with phosphate-based 

binders compared with OPC, MgO and CaO. 

Manganese leaching become high with three phosphates compounds which suggests that 

manganese complexation is weak or unstable under this experimental condition. Manganese has 

different nature than other metals by not having strong insoluble complexes with phosphates at high 

pH as illustrated in (Figure 8). OPC is low in leaching is due to its ability to generate highly alkaline 

environment which promotes manganese hydroxides having low solubility in this condition. 

Moreover, MgO and CaO on the other hand performs better but still allows manganese leaching for 

longer period of time Manganese helps to rise pH which further assists to precipitate Mn(OH)2  but 

its immobilization capacity weakens with period of time [38]. Though leaching increases with the 

passage of time especially for Na₃PO₄, NaH₂PO₄, MgO, and CaO. This recommends the initial 

immobilization mechanisms which may degrade or release more manganese in to the environment. 
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Figure 8. Leached concentrations of Cu (a), Ni (b), Zn (c), Cd (d), Mn (e) for multi-metal contaminated 

soil treated with phosphate-based binders compared with OPC, MgO and CaO. 

X-Ray Diffraction (XRD) 

X-ray diffraction (XRD), also referred to as X-ray diffraction, is a very effective analytical method 

employed for investigating the crystal structure of materials. This technique enables the identification 

and characterization of several crystalline structures and phases within a sample by comparing the 

diffraction pattern with established reference patterns. Thus, in the existing study XRD pattern and 

the common Peaks at 2θ = Approximately 25–30° signifies the majority of the samples, irrespective 

of the binder employed, display a visible peak within the range of 25° to 30° as explains in the below 

(Figure 9). However, this peak is most likely analogous to quartz, which is a prevalent mineral 

present in soil, demonstrates that the fundamental mineral composition of the soil remains intact 

even after treatment.  
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Figure 9. XRD patterns for multi-metal contaminated soils treated with phosphate-based binders 

compared with OPC, MgO and CaO. 

Moreover, the spectra linked with Na₃PO₄, Na₃HPO₄, and NaH₂PO₄ reveals well defined peaks 

that are less prominent in the treatments involving MgO, CaO, or OPC. The distinct peaks observed 
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suggest the development of particular mineral phases predominantly composed of phosphate. These 

phases may be associated with the immobilization of metals by precipitation as metal-phosphate 

complexes [39]. Additionally, the peaks in the OPC-treated soil are larger and less defined, indicating 

the production of weakly crystalline calcium silicate hydrates (C-S-H), or amorphous phases, which 

are characteristic of OPC. The complex and less ordered nature of OPC hydration products is 

indicated by the absence of prominent peaks [40]. Additionally, while comparing various 

phosphates-based binders (NaH₂PO₄, Na₂HPO₄, Na₃PO₄) it’s found that the specific diffraction peaks 

seen in these treatments indicate the development of solid mineral phases, most likely incorporating 

different phosphate compounds. These phases have the potential to be advantageous in stabilizing 

heavy metals by virtue of chemisorption or precipitation as insoluble phosphate salts [41]. 

Likewise, MgO and CaO binders have more sharp and defined peaks and crystalline structures 

than Ordinary Portltand cement (OPC) due to their xrd patterns. However, these chemicals may aid 

in the creation of several crystalline phases like brucite (Mg(OH)₂) and portlandite (Ca(OH)₂) in soils 

treated with magnesium oxide (MgO) and calcium oxide respectively. The new peaks made by Cao 

and MgO or by OPC treatments reveals phosphate binders which uniquely create metal-phosphate 

complexes to immobilize metal like Pb, Cd, and Zn. 

On the other hand, these phases additionally produce metal hydroxides containing high pH 

settings which facilitates metal immobilization process. Similarly, wide peaks indicate the synthesis 

of calcium hydroxide (Ca(OH)₃), and calcium silicate hydrates (C-S-H) which are exceptional to 

hydrated ordinary Portland cement because the physical encapsulation and chemical binding of 

heavy metals depend on C-S-H phases. 

Moreover, the logical reasoning behind these results includes that consistently all the samples 

exhibit an obvious peak between 25° and 30°, irrespective of the binder employed. Whereas, this 

particular peak is commonly accompanying to quartz (SiO₂), which is a widely distributed mineral 

present in various soil types due to its chemical stability and low treatment binder interaction (Wang 

et al., 2017). While, the persistence of this peak after stabilization process not only suggests that quartz 

remains the dominant and most visible phase in the treated soil matrix but also that the original 

mineral composition is kept unchanged. This study findings that quartz is a persistent mineral phase 

that strengthens soils even with diverse stabilizing agents [43]. Quartz's resilience protects the soil 

matrix while allowing binders to interact with contaminants and other reactive soil elements. 

Studies conducted by Du et al., (2014) have also documented similar results, demonstrating that 

phosphate treatments successfully immobilized heavy metals in polluted soil sites. Insoluble 

phosphate compounds, such pyromorphite (Pb(PO₄)₃Cl), have made a significant contribution to 

decreasing the mobility and bioavailability of heavy metals [45]. The efficiency of phosphate-based 

binders can be ascribed to their capacity to create durable, slowly dissolving metal-phosphate 

complexes, which are less susceptible to leaching in different environmental circumstances. 

Fourier Transform Infrared Spectroscopy (FTIR) 

The FTIR (Fourier Transform Infrared Spectroscopy) graph compares transmittance spectra for 

multi-metal polluted soils treated with several phosphate-based binders (NaH₂PO₄, Na₂HPO₄, 

Na₃PO₄) to traditional binders such as MgO, CaO, and OPC (Ordinary Portland Cement) as explains 

in the below (Figure 10). These spectra provide information on the functional groups and molecular 

interactions in the treated soils.  
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Figure 10. FTIR patterns for multi-metal contaminated soils treated with phosphate-based binders 

compared with OPC, MgO and CaO. 

In the present study, the FTIR spectra for all samples show a large absorption band about 3400 

cm⁻¹ which is ascribed to O-H stretching vibrations. This indicates the existence of hydroxyl groups 

(-OH), which indicate hydration processes or water molecules. However, the binders like OPC, CaO, 

and MgO also expressed more pronounced bands, indicating the development of calcium silicate 

hydrates (C-S-H) and other hydrated phases including portlandite (Ca (OH)₂) and brucite (Mg(OH)₂). 

Analogously, absorption bands observed at around 1640 cm⁺¹ (H-O-H) and these bending peaks on 

this particular region are mostly caused by the bending vibrations of water molecules. The consistent 

existence of these peaks in all samples confirms the essential function of hydration in the remediation 

of polluted soils. The observed differences in phosphate-treated soils may be attributed to variances 

in their levels of hydration or water retention capacities.  

As well, phosphatic compounds Na₃PO₄, Na₂HPO₄, and NaH₂PO₄ in phosphorus-treated soils 

show a distinct peak at 1000-1100 cm⁺¹, which is the sign of the synthesis of metal phosphates, which 

effectively bind heavy metals together. Whereas, the absence or weak peak of MgO, CaO, and OPC 

spectra implies reduced phosphate interaction, which reveals another unique chemical property of 

phosphate binders for immobilizing heavy metals. Additionally, the absorption bands made at 1400-

1500 cm⁺¹ characterize C-O and O-C-O stretching pairs. The bands are more projecting in OPC, MgO, 

and CaO samples and are connected to carbonates. Because the carbonate peaks propose carbonation 

reactions, which are common in alkali base treatments. Similarly, bands at 500-700 cm⁺¹ represent M-

O stretching, indicating metal ions like Fe, Mg, and Ca. Metal oxides or metal-hydroxides can be 

detected by metal-oxygen stretching vibrations in this range. These bands in soils treated with MgO, 

CaO, and OPC help form metal oxide or hydroxide layers, immobilizing metals. Due to phosphate-

metal conjugates, phosphate treatments may affect metal-oxygen interactions. 

Thenceforth, towards technical analysis discussion and deductive reasoning of FTIR results it 

has been clearly shown that FTIR analysis of contaminated soils and the other soils treated with 

phosphate-based binders, MgO, CaO, and OPC exposes the functional groups and molecular 

interactions that immobilize metals. Additionally, the wide broad absorption bands at 3400 cm⁻¹ at 

O-H stretching region among all samples specifies the O-H stretching vibrations, which often 

connected to hydroxyl groups or water molecules. This further proposes that soil treatment chemical 

activities produce hydroxide and hydrated mineral phases through hydration reactions. Calcium 

silicate hydrate (C-S-H) phases and portlandite (Ca(OH)₂) in OPC-treated soils cause this band. 

Moreover, MgO-treated soils produce brucite (Mg(OH)₂), which aids in heavy metal immobilization 

by raising pH and facilitating metal hydroxide precipitation [46]. Similarly, other researchers have 
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also found similar O-H stretching bands in cementitious materials used for heavy metal stability. 

Moreover, a study found by Li et al., (2023) and confirms that C-S-H and brucite phases in cement-

based polluted soil treatments. These phases play a significant role for physical encapsulation and 

chemical binding of lead and cadmium. Similarly, H-O-H Bending absorption bands at 1640 cm⁻¹ are 

associated with the H-O-H twisting mode of water molecules which provides the status of water in 

binder hydration process[48].  

Moreover, these observed peaks further suggests that bound water in the soil treatment-

generated hydrated phases. The severity of phosphate-based treatments depends on hydration and 

phosphate binder, which affects water retention. These investigations found that hydration condition 

considerably affects mechanical properties and durability of treated materials. Whereas, long-term 

heavy metal immobilization in polluted soils requires good water retention and hydrated phases. 

Whereas, the peaks at 1000-1100 cm⁻¹ for P-O stretching in phosphate groups shows the strong peaks 

and stretching vibrations between phosphate group and oxygen atoms. These peaks imply the 

production of phosphate-based chemical compound probably made due to metal-phosphate 

complexation. During this process heavy metals leaching reduced when they interact with phosphate 

groups for producing stable, insoluble metal-phosphate minerals. Moreover, phosphate stabilizes 

metals also as described in previous studies. In a study conducted by [49] explains that phosphorus 

is a widely used remediation agent which has a high affinity for metals in soil. Analogous, absorption 

bands at 1400-1500 cm⁺¹: C-O and O-C-O stretching vibrations for the samples treated with OPC, 

MgO, and CaO which have substantial carbonate absorption bonds. These bands indicate 

carbonation activities that may produce carbonate minerals like calcite (CaCO₃). Therefore, a study 

organized by [50] found that carbonating OPC and MgO-stabilized soils reduced lead and zinc 

leachability, supporting the present FTIR studies. These bands in MgO, CaO, and OPC-treated soils 

indicate metal hydroxides and oxides. These substances create metal precipitation sites and change 

soil pH to create insoluble metal alloys, immobilizing metals [51]. 

Thermogravimetric Analysis (TGA) 

Current study reveals the analysis and interpretation of TGA and DTG curves for metal-

contaminated soils treated with several binders of phosphate-based binders (NaH₂PO₄, Na₂HPO₄, 

Na₃PO₄) to regular binders like MgO, CaO, and OPC as shown in (Figure 11). These graphs compare 

the TGA and DTG curves which explains that TGA measures the weight loss caused by temperature, 

while, besides this, DTG measures the weight loss pace. A detailed analysis of the results follows the 

main findings for Initial weight loss up to 200° is mainly due to evaporation of physically adsorbed 

water and also by the dehydration process between loosely bound moisture particles. However, this 

loss is constant across all the binders, which explains that the treated soils encompass similar amounts 

of free and weakly bound water. Analogously, the same treatment occurred with MgO treated soil 

and also signifies the weight loss of a DTG peaks at 400-500°C which assists to alter the form of 

magnesium hydroxide (brucite, Mg(OH)₂) into MgO and water which decomposes at this 

temperature. 

Furthermore, numerous phosphate binders (NaH₂PO₄, NaHPO₄, and Na₃PO₄) treatment 

phenomenon suggests thermally stable phosphate complexes having the ability to bind metals even 

at reasonable temperature ranges and without any structural changes. On the other hand, weight loss 

at 600°C or higher indicates that the treated soils are thermally durable. This stability suggests that 

primary phase transitions and decomposition occur at lower absolute temperatures. Additionally, 

Peaks in DTG curves represents Spectral density (DTG) plots explains distinct MgO peaks and wider 

OPC and phosphate binder peaks. These observed peaks indicate heat processes such hydrate 

dehydration and carbonate or metal-phosphate complex breakdown. Likewise, the MgO-treated 

soil's high rise at 400–500°C shows brucite decomposition. The stable formation of metal-phosphate 

compounds may explain the large peaks in phosphate-treated soils, which show more constant 

thermal behaviour [52]. Also, [53] found that phosphate treatments can form lasting lead, cadmium, 

and arsenic compounds. These compounds resist thermal degradation well. Phosphate-treated soils 

have lower weight loss in TGA/DTG curves, indicating thermal stability and efficient immobilization. 
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Figure 11. TGA (dashed lines) and DTG (solid lines) curves for multi-metal contaminated soils treated 

with phosphate-based binders compared with OPC, MgO and CaO. 

Conclusions 

The conclusion of the present study provides evidences that Ordinary Portland Cement (OPC) 

consistently outdoes as compared to other binding agents in the process of immobilizing heavy 

metals, including Mn, Cd, Cu, Ni, and Zn. This superiority of OPC might be attributed mainly due 

to its preeminent alkalinity and occurring of pozzolanic reactions, which simplify the physical 

encapsulation and also formation of stable hydroxide complexes. Moreover, the effectiveness of 

phosphate-based binders in heavy metal immobilization is limited, exclusively in the situation of 

Na₃PO₄ and NaH₃PO₄, which displays more leaching owed to the development of soluble metal-

phosphate complexes. Besides, MgO and CaO also owns a restrained level of contaminants, even 

they establish a progressive rise in leaching with time. Amongst these materials, CaO express more 

prone to instability because of carbonation effects. Although ordinary Portland cement (OPC) is still 

the most outstanding choice for structural applications for the reason that of its extraordinary 

strength and capability to immobilize. While, binders based upon phosphate may be more 

appropriate for applications that need thermal stability and smaller ultrafine particle size (UCS) 

values. Whereas, the selection of the binder should be gritty by bearing in mind the equilibrium 

between financial cost, environmental consequences, and the particular requirements of the project. 

Authorship contribution statement: Shiliang Xu: writing - original draft, funding acquisition, Ayesha Imtiyaz 

Cheema: research supervision – validation – Supervision - review and editing. Yunhui Zhang: validation - 

review. Bin Dong: Data analysis – methodology - validation - review and editing. 

Data availability: Data will be made available on request. 

Acknowledgments: This study was financially supported by West Anhui University, Lu’An, Anhui 237012, 

China, for helping us to carry on this research successfully. 

Declaration of competing interest: The authors declare that they have no known competing financial interests 

or personal relationships that could have appeared to influence the work reported in this paper. 

References 

1. Cheema, A.I.; Amina; Munir, M.A.M.; Rehman, A.; Sarma, H.; Pikon, krzysztof; Yousaf, B. Unraveling the 

Mechanism of Free Radiclas-Based Transformartion and Accumulation of Potentially Toxic Metalloids in 

Biocahr and Compost Amended Soil-Plant Systems. J Clean Prod 2024, 449, 141767, 

doi:https://doi.org/10.1016/j.jclepro.2024.141767. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 November 2024 doi:10.20944/preprints202411.0408.v1

https://doi.org/10.20944/preprints202411.0408.v1


 15 

 

2. Cheema, A.I.; Liu, G.; Yousaf, B.; Abbas, Q.; Zhou, H. A Comprehensive Review of Biogeochemical 

Distribution and Fractionation of Lead Isotopes for Source Tracing in Distinct Interactive Environmental 

Compartments. Science of the Total Environment 2020, 719. 

3. Cheema, A.I.; Liu, G.; Yousaf, B.; Ashraf, A.; Lu, M.; Irshad, S.; Pikon, K.; Mujtaba Munir, M.A.; Rashid, 

M.S. Influence of Biochar Produced from Negative Pressure-Induced Carbonization on Transformation of 

Potentially Toxic Metal(Loid)s Concerning Plant Physiological Characteristics in Industrially 

Contaminated Soil. J Environ Manage 2023, 347, doi:10.1016/j.jenvman.2023.119018. 

4. Pu, S.; Zhu, Z.; Song, W.; Wang, H.; Huo wangwen; Zhang, J. A Novel Acidic Phosphoric-Based 

Geopolymer Binder for Lead Solidification/Stabilization. J Hazard Mater 2021, 415, 125659, 

doi:https://doi.org/10.1016/j.jhazmat.2021.125659. 

5. Devi, P.; Kothari, P.; Dalai, A.K. Stabilization and Solidification of Arsenic and Iron Contaminated Canola 

Meal Biochar Using Chemically Modified Phosphate Binders. J Hazard Mater 2020, 385, 121559, 

doi:https://doi.org/10.1016/j.jhazmat.2019.121559. 

6. Wang, Y.-S.; Dai, J.-G.; Wang, L.; Tsang, D.C.W.; Poon, C.S. Influence of Lead on Stabilization/Solidification 

by Ordinary Portland and Magnesium Phosphate Cement. Chemosphere 2018, 190, 90–96, 

doi:https://doi.org/10.1016/j.chemosphere.2017.09.114. 

7. Paria, S.; Yuet, P.K. Solidification–Stabilization of Organic and Inorganic Contaminants Using Portland 

Cement: A Literature Review. Environmental Reviews 2006, 14, 217–255. 

8. Lang, L.; Chen, B.; Li, J. High-Efficiency Stabilization of Dredged Sediment Using Nano-Modified and 

Chemical-Activated Binary Cement. Journal of Rock Mechanics and Geotechnical Engineering 2023, 15, 2117–

2131, doi:10.1016/j.jrmge.2022.12.007. 

9. Caneda-martínez, L.; Monasterio, M.; Moreno-juez, J.; Martínez-ramírez, S.; García, R.; Frías, M. Behaviour 

and Properties of Eco-cement Pastes Elaborated with Recycled Concrete Powder from Construction and 

Demolition Wastes. Materials 2021, 14, 1–19, doi:10.3390/ma14051299. 

10. Zhao, Z.; Qu, X.; Li, J. Microstructure and Properties of Fly Ash/Cement-Based Pastes Activated with MgO 

and CaO under Hydrothermal Conditions. Cem Concr Compos 2020, 114, 103739, 

doi:10.1016/J.CEMCONCOMP.2020.103739. 

11. Long, L.; Zhao, Y.; Lv, G.; Duan, Y.; Liu, X.; Jiang, X. Improving Stabilization/Solidification of MSWI Fly 

Ash with Coal Gangue Based Geopolymer via Increasing Active Calcium Content. Science of The Total 

Environment 2023, 854, 158594, doi:10.1016/J.SCITOTENV.2022.158594. 

12. Du, Y.J.; Wei, M.L.; Reddy, K.R.; Jin, F.; Wu, H.L.; Liu, Z. Bin New Phosphate-Based Binder for Stabilization 

of Soils Contaminated with Heavy Metals: Leaching, Strength and Microstructure Characterization. J 

Environ Manage 2014, 146, 179–188, doi:10.1016/j.jenvman.2014.07.035. 

13. Bilal, M.; Alshammari, A.M.; Ali, A. Binder-Based Remediation of Heavy Metal Contaminated Soils: A 

Review of Solidification/Stabilization Methods. Knowledge-Based Engineering and Sciences 2023, 4, 17–34, 

doi:10.51526/kbes.2023.4.3.17-34. 

14. Islam, R.; Barman, D.K.; Kabir, M.; Sabur, M.A. Salinity-Induced Phosphate Binding to Soil Particles: Effects 

of Divalent Cations. Water Air Soil Pollut 2023, 234, doi:10.1007/s11270-023-06714-w. 

15. Shand, M.A. The Chemistry and Technology of Magnesia; John Wiley & Sons, 2006; ISBN 0471980560. 

16. Cao, Y.; Wang, Y.; Zhang, Z.; Ma, Y.; Wang, H. Recent Progress of Utilization of Activated Kaolinitic Clay 

in Cementitious Construction Materials. Compos B Eng 2021, 211, 108636, 

doi:10.1016/J.COMPOSITESB.2021.108636. 

17. BS EN 12457-4 BS EN 12457-4. Characterisation of Waste. Leaching. Compliance Test for Leaching of 

Granular Waste Materials and Sludges Part 2: One Stage Batch Test at a Liquid to Solid Ratio of 10 L/Kg for 

Materials with Particle Size below 4 Mm; 2002; 

18. Zhang, Y.; Ong, Y. jie; Yi, Y. Comparison between CaO- and MgO-Activated Ground Granulated  Blast-

Furnace Slag (GGBS) for Stabilization/Solidification of  Zn-Contaminated Clay Slurry. Chemosphere 2022, 

286, 131860, doi:https://doi.org/10.1016/j.chemosphere.2021.131860. 

19. Calgaro, L.; Contessi, S.; Bonetto, A.; Badetti, E.; Ferrari, G.; Artioli, G.; Marcomini, A. Calcium Aluminate 

Cement as an Alternative to Ordinary Portland for the Remediation of Heavy Metals Contaminated Soil: 

Mechanisms and Performance. Journal of Soil and sediments 2021, 21, 1755–1768, 

doi:https://doi.org/10.1007/s11368-020-02859-x. 

20. Du, Y.J.; Jiang, N.J. Stabilization/Solidification of Contaminated Soils: A Case Study. In Low Carbon 

Stabilization and Solidification of Hazardous Wastes; Elsevier, 2021; pp. 75–92 ISBN 9780128240045. 

21. Abo-El-Enein, S.A.; Amin, M.S.; El-Hosiny, F.I.; Hanafi, S.; Elsokkary, T.M.; Hazem, M.M. Pozzolanic and 

Hydraulic Activity of Nano-Metakaolin. HBRC Journal 2014, 10, 64–72, doi:10.1016/j.hbrcj.2013.09.006. 

22. Ma, Q.; Lei, J.; He, J.; Chen, Z.; Li, W. Epoxy Resin for Solidification/Stabilization of Soil Contaminated with 

Copper (II): Leaching, Mechanical, and Microstructural Characterization. Environ Res 2024, 240, 

doi:10.1016/j.envres.2023.117512. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 November 2024 doi:10.20944/preprints202411.0408.v1

https://doi.org/10.20944/preprints202411.0408.v1


 16 

 

23. Iyengar, S.; Al-Tabbaa, A. Application of Two Novel Magnesia-Based Cements in the 

Stabilization/Solidification of Contaminated Soils. Geotechnics of waste management and remediation 2008, 

doi:https://doi.org/10.1061/40970(309)90. 

24. Chen, S.; Kang, B.; Zha, F.; Shen, Y.; Chu, C.; Tao, W. Effects of Different Mg/Ca Molar Ratio on the 

Formation of Carbonate Minerals in Microbially Induced Carbonate Precipitation (MICP) Process. Constr 

Build Mater 2024, 442, 137643, doi:10.1016/J.CONBUILDMAT.2024.137643. 

25. Shah, S.S.H.; Nakagawa, K.; Yokoyama, R.; Berndtsson, R. Heavy Metal Immobilization and Radish Growth 

Improvement Using Ca(OH)2-Treated Cypress Biochar in Contaminated Soil. Chemosphere 2024, 360, 

142385, doi:10.1016/J.CHEMOSPHERE.2024.142385. 

26. Sun, L.; Li, P.; Xiao, T.; Wang, J. Influence of Compaction Condition on the UCS and Structure of Compacted 

Loess. Environ Earth Sci 2023, 82, doi:10.1007/s12665-023-11105-9. 

27. Chen, L.; Nakamura, K.; Hama, T. Review on Stabilization/Solidification Methods and Mechanism of 

Heavy Metals Based on OPC-Based Binders. J Environ Manage 2023, 332, 117362, 

doi:10.1016/J.JENVMAN.2023.117362. 

28. Ren, Z.; Wang, L.; Wang, H.; Liu, S.; Liu, M. Solidification/Stabilization of Lead-Contaminated Soils by 

Phosphogypsum Slag-Based Cementitious Materials. Science of the Total Environment 2023, 857, 

doi:10.1016/j.scitotenv.2022.159552. 

29. Du, Y.J.; Wei, M.L.; Reddy, K.R.; Jin, F.; Wu, H.L.; Liu, Z. Bin New Phosphate-Based Binder for Stabilization 

of Soils Contaminated with Heavy Metals: Leaching, Strength and Microstructure Characterization. J 

Environ Manage 2014, 146, 179–188, doi:10.1016/j.jenvman.2014.07.035. 

30. Reddy, A.S.; Chavali, R.V.P. Solidification/Stabilization of Copper-Contaminated Soil Using Magnesia-

Activated Blast Furnace Slag. Innovative Infrastructure Solutions 2023, 8, doi:10.1007/s41062-023-01036-6. 

31. Hou, S.; Lai, Z.; Zhang, H.; Han, J. Toxic Leaching and Engineering Properties of Copper Contaminated 

Soil Cured by Magnesium Phosphate Cement. In Proceedings of the Proceedings of the 26th Australasian 

Conference on the Mechanics of Structures and Materials; Chouw, N., Zhang, C., Eds.; Springer Nature 

Singapore: Singapore, 2024; pp. 45–54. 

32. Chen, Y.X.; Zhu, G.W.; Tian, G.M.; Chen, H.L. Phosphorus and Copper Leaching from Dredged Sediment 

Applied on a Sandy Loam Soil: Column Study. Chemosphere 2003, 53, 1179–1187, doi:10.1016/S0045-

6535(03)00610-6. 

33. Zhao, Z.; Li, H.; Wang, C.; Xing, P. Transformation Mechanism and Selective Leaching of Nickel and Cobalt 

from Limonitic Laterite Ore Using Sulfation-Roasting-Leaching Process. J Clean Prod 2024, 445, 

doi:10.1016/j.jclepro.2024.141327. 

34. Ribeiro, P.P.M.; dos Santos, I.D.; Neumann, R.; Fernandes, A.; Dutra, A.J.B. Roasting and Leaching Behavior 

of Nickel Laterite Ore. Metallurgical and Materials Transactions B 2021, 52, 1739–1754, doi:10.1007/s11663-

021-02141-6. 

35. Wang, Y.; Wang, H.; Li, X.; Zheng, C. Study on the Improvement of the Zinc Pressure Leaching Process. 

Hydrometallurgy 2020, 195, doi:10.1016/j.hydromet.2020.105400. 

36. Zhang, L.; Zhao, W.; Li, Y.; Song, X.; Wei, J.; Wang, J.; Bai, Y.; Yu, G. Illustrating the Effect of CaO and MgO 

Charge Compensation Capacity on the Fluidity of SiO2-Al2O3-CaO-MgO Slag in Industrial Processes: 

Insights from Molecular Dynamics Simulations. J Mol Liq 2024, 409, doi:10.1016/j.molliq.2024.125476. 

37. Li, W.; Qin, J.; Yi, Y. Carbonating MgO for Treatment of Manganese- and Cadmium-Contaminated Soils. 

Chemosphere 2021, 263, doi:10.1016/j.chemosphere.2020.128311. 

38. Shu, J.; Liu, R.; Liu, Z.; Chen, H.; Du, J.; Tao, C. Solidification/Stabilization of Electrolytic Manganese 

Residue Using Phosphate Resource and Low-Grade MgO/CaO. J Hazard Mater 2016, 317, 267–274, 

doi:10.1016/j.jhazmat.2016.05.076. 

39. Islam, M.S.; Rezwan, F.; Kashem, M.A.; Moniruzzaman, M.; Parvin, A.; Das, S.; Hu, H. Impact of a 

Phosphate Compound on Plant Metal Uptake When Low Molecular Weight Organic Acids Are Present in 

Artificially Contaminated Soils. Environmental Advances 2024, 15, doi:10.1016/j.envadv.2023.100468. 

40. Cardoza, A.; Colorado, H.A. Alkaline Activation of Brick Waste with Partial Addition of Ordinary Portland 

Cement (OPC) for Reducing Brick Industry Pollution and Developing a Feasible and Competitive 

Construction Material. Open Ceramics 2024, 18, doi:10.1016/j.oceram.2024.100569. 

41. Spohn, M.; Diáková, K.; Aburto, F.; Doetterl, S.; Borovec, J. Sorption and Desorption of Organic Matter in 

Soils as Affected by Phosphate. Geoderma 2022, 405, 115377, doi:10.1016/j.geoderma.2021.115377. 

42. Wang, Q.; Wang, W.; He, X.; Zheng, Q.; Wang, H.; Wu, Y.; Zhong, Z. Changes in Soil Properties, X-Ray-

Mineral Diffractions and Infrared-Functional Groups in Bulk Soil and Fractions Following Afforestation of 

Farmland, Northeast China. Sci Rep 2017, 7, doi:10.1038/s41598-017-12809-2. 

43. Pan, X.; Li, S.; Li, Y.; Guo, P.; Zhao, X.; Cai, Y. Resource, Characteristic, Purification and Application of 

Quartz: A Review. Miner Eng 2022, 183. 

44. Du, Y.-J.; Wei, M.-L.; Reddy, K.R.; Jin, F.; Wu, H.-L.; Liu, Z.-B. New Phosphate-Based Binder for 

Stabilization of Soils Contaminated with Heavy Metals: Leaching, Strength and Microstructure 

Characterization. 2014, doi:10.1016/j.jenvman.2014.07.035. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 November 2024 doi:10.20944/preprints202411.0408.v1

https://doi.org/10.20944/preprints202411.0408.v1


 17 

 

45. Gao, J.; Han, H.; Gao, C.; Wang, Y.; Dong, B.; Xu, Z. Organic Amendments for in Situ Immobilization of 

Heavy Metals in Soil: A Review. Chemosphere 2023, 335, 139088, 

doi:10.1016/J.CHEMOSPHERE.2023.139088. 

46. Shahbaz, F.; Singh, I.; Krishnan, P.; Celik, K. Life Cycle Assessment of Brucite and Synthetic MgO Produced 

from Reject Brine Using Different Alkalis. J Clean Prod 2022, 380, doi:10.1016/j.jclepro.2022.135071. 

47. Li, C.; Song, B.; Chen, Z.; Liu, Z.; Yu, L.; Zhi, Z.J.; Zhao, Y.; Wei, H.; Song, M. Immobilization of Heavy 

Metals in Ceramsite Prepared Using Contaminated Soils: Effectiveness and Potential Mechanisms. 

Chemosphere 2023, 310, doi:10.1016/j.chemosphere.2022.136846. 

48. Kumararaja, P.; Manjaiah, K.M.; Datta, S.C.; Sarkar, B. Remediation of Metal Contaminated Soil by 

Aluminium Pillared Bentonite: Synthesis, Characterisation, Equilibrium Study and Plant Growth 

Experiment. Appl Clay Sci 2017, 137, 115–122, doi:10.1016/J.CLAY.2016.12.017. 

49. Peiris, C.; Alahakoon, Y.A.; Malaweera Arachchi, U.; Mlsna, T.E.; Gunatilake, S.R.; Zhang, X. Phosphorus-

Enriched Biochar for the Remediation of Heavy Metal Contaminated Soil. J Agric Food Res 2023, 12, 

doi:10.1016/j.jafr.2023.100546. 

50. Li, W.; Qin, J.; Yi, Y. Carbonating MgO for Treatment of Manganese- and Cadmium-Contaminated Soils. 

Chemosphere 2021, 263, doi:10.1016/j.chemosphere.2020.128311. 

51. Jiang, Q.; He, Y.; Wu, Y.; Dian, B.; Zhang, J.; Li, T.; Jiang, M. Solidification/Stabilization of Soil Heavy Metals 

by Alkaline Industrial Wastes: A Critical Review. Environmental Pollution 2022, 312. 

52. Duan, Y.; Liu, X.; Ma, X.; Hong, W.; Lv, G.; Jiang, X. Comparison and Mechanism Analysis of MgO, CaO, 

and Portland Cement for Immobilization of Heavy Metals in MSWI Fly Ash. Waste Management 2024, 187, 

285–295, doi:10.1016/j.wasman.2024.07.028. 

53. Xu, D.M.; Fu, R.B.; Wang, J.X.; Shi, Y.X.; Guo, X.P. Chemical Stabilization Remediation for Heavy Metals in 

Contaminated Soils on the Latest Decade: Available Stabilizing Materials and Associated Evaluation 

Methods－A Critical Review. J Clean Prod 2021, 321. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 November 2024 doi:10.20944/preprints202411.0408.v1

https://doi.org/10.20944/preprints202411.0408.v1

